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Abstract: Aseries of Pt/C, Pt-Ni1/3/C, Pt-SnO2/C and Pt-Nix-SnO2/C (x = 1/4, 1/3, 2/3, 1) anode electro-catalysts
have been synthesized by an improved Bönnemann method. The crystal structure, surface morphology and
surface electronic structure were characterizated by X-ray diffraction (XRD), high resolution transmission
electron microscope (HR-TEM) and X-ray photoelectron spectroscopy (XPS). The electro-catalytic activities
were characterizated by linear sweep voltammetry (LSV) and amperometric current density－time (j－t) curve
techniques for ethanol oxidation reaction (EOR). In situ spectroelectrochemical studies have been used to
identity adsorbed reaction intermediates and products (in situ Fourier transform infrared spectroscopy, FT-IR).
XRD and HR-TEM analysis revealed two phases in the ternary Pt-Ni-SnO2/C catalyst: Pt-Ni alloys and SnO2.
XPS results show that the electronic structure of the Pt in Pt-Ni1/3-SnO2/C might be changed due to the addition
of Ni. The activity of Pt-Ni-SnO2/C for EOR was found to be higher than that of Pt/C, Pt-Ni/C and Pt-SnO2/C
catalysts. The incorporation of Ni and SnO2 did not significantly improve C―C bond breaking for complete
oxidation of ethanol, but the synergy under the low potential (0.1 V) to strengthen the further oxidation of
acetaldehyde, generate the acetic acid.
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种作为助催化剂与 Pd或 Pt促进 EOR活性和稳定
性 19,20。Correa等 21采用注入还原法制备了PtNiSn合
金催化剂，Ni和Sn引入并未改变Pt晶格参数，但










































PtCl2，x mmol NiCl3 (x = 0.5/4，0.5/3，1/3，0.5)，







SnO2/C。n(Pt) : n(Ni) : n(SnO2) = 1 : x : 1，简称 Pt-














将直径为 3 mm的玻碳电极(GC)先后用 1.0、
0.3、0.05 μm的Al2O3研磨粉研磨，再将电极分别
在H2O2、乙醇、去离子水中超声清洗、晾干。取









































图 1A是 Pt/C、Pt-SnO2/C、Pt-Ni1/3/C和 Pt-Nix-
SnO2/C (x = 1/4, 1/3, 2/3, 1)催化剂的XRD谱图。由
图 1A可见，除了 2θ为 24°附近碳(002)的衍射峰











C (x = 1/4, 1/3, 2/3, 1)催化剂的衍射谱图，Pt(220)衍
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C、Pt-Nix-SnO2/C (x = 1/4, 1/3, 2/3, 1)催化剂中Pt粒
图1 不同组分催化剂的XRD谱图(A)和铂晶格参数对镍摩尔数的依存性(B)
Fig.1 XRD patterns of catalyst with different composites (A) and dependence of the FCC lattice parameter of
the catalysts on Ni molar number (B)
(a) Pt/C, (b) Pt-SnO2/C, (c) Pt-Ni1/3/C, (d) Pt- Ni1/4-SnO2/C, (e) Pt- Ni1/3-SnO2/C, (f) Pt- Ni2/3-SnO2/C, (g) Pt-Ni-SnO2/C
图2 不同组分催化剂的TEM图(a－g)和粒径分布图(aʹ－gʹ)
Fig.2 TEM images (a－g) and particle size distributions (aʹ－gʹ) of catalyst with different composites































0.3347 nm，与 XRD 谱图中算得 SnO2(110)d110 =
0.3353 nm相近似，说明该团簇为 SnO2相 27。相对
亮色的团簇晶面间距约为 0.2242 nm，此结果接近




Fig.3 Energy dispersive X-ray (EDX) images of catalyst with different composites
(a) Pt/C, (b), Pt-SnO2/C, (c) Pt-Ni1/3/C, (d) Pt-Ni1/4-SnO2/C, (e) Pt-Ni1/3-SnO2/C, (f) Pt-Ni2/3-SnO2/C, (g) Pt-Ni-SnO2/C
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图 6为不同组分催化剂在 0.5 mol∙L－1 H2SO4溶
液中的循环伏安曲线，扫描范围是－0.25 － 1.0 V
(vs SCE)，扫描速率为 10 mV∙s－1。－0.25 － 0.05 V
(vs SCE)上下两个峰为氢的脱/吸附峰，0.05 － 0.55
V(vs SCE)为双电层区，正扫过程中 0.55 － 1.0 V
















图 7为不同组分催化剂在 30 °C下 0.5 mol∙L－1
H2SO4 + 0.5 mol∙L－1 C2H5OH溶液中测得的线性扫
表1 不同催化剂的组成成分与粒径大小
Table 1 Compositional characterization of











100 : 0 : 0
75 : 25 : 0
50 : 0 : 50
44.4 : 11.2 : 44.4
42.9 : 14.2 : 42.9
37.5 : 25.0 : 37.5
37.5 : 25.0 : 37.5
Pt/Ni/Sn atom
ratiob
100 : 0 : 0
75.3 : 24.7 : 0
55.7 : 0 : 44.3
42.0 : 17.0 : 41.0
51.0 : 12.0 : 37.0
40.1 : 17.8 : 42.1










anominal composition; bEDX composition; cby TEM method
图4 Pt-Ni1/3-SnO2/C催化剂的EDS图(A)和HRTEM照片(B)以及SnO2和Pt-Ni的像素强度剖面图(C, D)
Fig.4 EDS (A) andHR-TEM (B) images of Pt-Ni1/3-SnO2/C and pixel intensity profiles (C, D) for the SnO2 and Pt-Ni crystallites
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描伏安曲线，扫描范围在－0.25 － 0.8 V之间，扫
描速率为 10 mV∙s－ 1。从测试的峰电流值可以看
出，乙醇氧化反应催化活性依次为：Pt-Ni1/3-SnO2/
C > Pt-Ni-SnO2/C > Pt-Ni2/3-SnO2/C > Pt-Ni1/4-SnO2/
















图 8为不同催化剂在 30 °C下 0.5 mol ∙L － 1







度顺序为 Pt-Ni1/3-SnO2/C > Pt-Ni-SnO2/C > Pt-Ni2/3-
SnO2/C > Pt-Ni1/4-SnO2/C Pt-Ni1/3/C > Pt-SnO2/C > Pt/
C。三元催化剂的活性高于二元、一元催化剂，Pt-
图5 Pt-SnO2/C (A)和Pt-Ni1/3-SnO2/C (B)的Pt 4f XPS谱
Fig.5 Pt 4f XPS spectra of Pt-SnO2/C (A) and
Pt-Ni1/3-SnO2/C (B)
图6 不同组分催化剂在0.5 mol∙L－1 H2SO4溶液中的
循环伏安曲线
Fig.6 CV of 0.5 mol∙L－1 H2SO4 electrolyte on
different composites catalysts
scan rate: 10 mV∙s－1, 30 °C; (a) Pt/C, (b) Pt-SnO2/C, (c) Pt-Ni1/3/C,
(d) Pt-Ni1/4-SnO2/C, (e) Pt-Ni1/3-SnO2/C, (f) Pt-Ni2/3-SnO2/C,
(g) Pt-Ni-SnO2/C
图7 不同组分催化剂在0.5 mol∙L－1 H2SO4 + 0.5 mol∙L－1
溶液中的线性扫描伏安曲线
Fig.7 LSV curves of ethanol oxidation on different
composites catalysts recorded in 0.5 mol∙L－1 H2SO4 + 0.5
mol∙L－1 C2H5OH electrolyte
scan rate: 10 mV∙s－1, 30 °C; (a) Pt/C, (b) Pt-SnO2/C, (c) Pt- Ni1/3/C,
(d) Pt-Ni1/4-SnO2/C, (e) Pt-Ni1/3-SnO2/C, (f) Pt-Ni2/3-SnO2/C,
(g) Pt-Ni-SnO2/C. Inset is the influence of Ni molar fraction (x) on
the mass activities for ethanol oxidation.
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占居了 Pt的部分 5d电子，削弱了 Pt对CO等中间
产物的吸附能力，此结果支持XPS结果的推测。
为了研究Ni的加入对 PtSnO2/C催化剂电催化



















观察 1720 cm－ 1处的负向峰发现 PtNi1/3SnO2/C
催化剂出现吸收峰的研究电位(0.1 V (vs SCE))提前
于PtSnO2/C(0.2 V (vs SCE))。1720 cm－1处的负向峰
对应乙醛和乙酸中羰基(C＝O)的伸缩振动，而低





1720 cm－ 1处的负向峰发现 PtNi1/3SnO2/C催化
剂出现吸收峰的研究电位(0.1 V (vs SCE))提前于
PtSnO2/C(0.2 V (vs SCE))。1720 cm－1处的负向峰对
应乙醛和乙酸中羰基(C＝O)的伸缩振动，而低电
位(0.1 V (vs SCE))主要是生成乙醛。而图 9(B)中，






图8 不同组分催化剂在0.5 mol∙L－1 H2SO4 + 0.5 mol∙L－1
C2H5OH溶液中的电流密度－时间曲线
Fig.8 Amperometric j－t curves for the electrooxidation of
a C2H5OH solution on different composites catalysts
reaction conditions: 0.5 mol∙L－1 H2SO4 + 0.5 mol∙L－1 C2H5OH, at
0.5 V (vs SCE), 30 °C; (a) Pt/C, (b) Pt-SnO2/C, (c) Pt-Ni1/3/C, (d) Pt-
Ni1/4-SnO2/C, (e) Pt-Ni1/3-SnO2/C, (f) Pt-Ni2/3-SnO2/C, (g) Pt-Ni-SnO2/C
图9 在 0.5 mol∙L－1乙醇和0.5 mol∙L－1 H2SO4溶液中不同催化剂表面乙醇氧化的原位红外吸收光谱图
Fig.9 In situMS-FTIR spectra of samples for ethanol oxidation in 0.5 mol∙L－1 ethanol and








是 CO2的峰强在低电位下 (⩽ 0.3 V或 0.4 V (vs
SCE))增大的幅度较大，而在高电位下(⩾ 0.3 V或
0.4 V (vs SCE)增大的幅度变小，甚至有峰强减小的
趋势。
反观 1280 cm－ 1处乙酸的峰强和 1400与 1720
cm－1处乙酸加乙醛的峰强随着电位的增大而增大的
趋势，其原因可能是在较高的电位下(⩾ 0.3 V或





电子转移生成乙酸为主(⩽ 0.6 V (vs SCE))。对比
PtSnO2/C和 PtNi1/3SnO2/C催化剂，发现 PtNi1/3SnO2/
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